The aim of this study was to investigate the effects of castration and testosterone supplementation on nitroso-redox status, cardiac metabolism markers, and S100 proteins expression in the heart of male rats. 50 male Wistar rats were randomized into five groups with ten animals each: group 1: control intact (CON); group 2: sham operated (Sh-O); group 3: sesame oil-treated rats (S-oil); group 4: gonadoectomized (GDX); and group 5: gonadoectomized rats treated with testosterone (GDX-T) for 8 weeks. Our results showed myofibrillar weaving, apoptosis, inflammation, and fibrosis (as reflected by increased activity of MMP 9 and MMP 2) in the heart of gonadoectomized rats. Testosterone supplementation restored the normal structure of the heart. In addition, a state of nitroso-redox imbalance was observed in the heart of castrated rats with increased NO (425.1 AE 322.8 vs. 208 AE 67.06, p ˂ 0.05) and MDA (33.18 AE 9.45 vs. 22.04 AE 7.13, p ˂ 0.05) and decreased GSH levels (0.71 AE 0.13 vs. 1.09 AE 0.19, p = 0.001). Testosterone treatment leads to a re-establish of only NO levels (425.1 AE 322.8 vs. 210.4 AE 114.3, p > 0.05). Markers of cardiac metabolism showed an enhancement of LDH activity (12725 AE 4604 vs. 5381 AE 3122, p ˂ 0.05) in the heart of castrated rats. This was inversed by testosterone replacement (12725 AE 4604 vs. 5781 AE 5187, p ˂ 0.05). Furthermore, castration induced heart's accumulation of triglycerides (37.24 AE 6.17 vs. 27.88 AE 6.47, p ˂ 0.05) and total cholesterol (61.44 AE 3.59 vs. 54.11 AE 7.55, p ˂ 0.05), which were significantly reduced by testosterone supplementation (29.03 AE 2.47 vs. 37.24 AE 6.17, p ˂ 0.05) and (47.9 AE 4.15 vs. 61.44 AE 3.59, p ˂ 0.001). Cardiomyocytes of castrated rats showed a decreased immunoexpression of S100 proteins compared to control animals. A restoration of S100 proteins immunostaining in cardiomyocyte cytoplasm was observed after testosterone supplementation. These findings confirm the deleterious effects of testosterone deficiency on cardiac function and highlight the involvement of nitric oxide, metalloproteinases 2 and 9, and S100 proteins.
INTRODUCTION
Testosterone, the most important androgen in men, seems to be one of the determinant players in the protection of cardiac function through its action on androgen receptor in cardiac myocytes. According to Krieg et al. (1978) , the heart can accumulate testosterone at higher concentrations than other androgen-dependent organs such as prostate.
The relationship between testosterone deficiency and cardiovascular risk is conflicting, and several studies have demonstrated that low levels of testosterone are associated with an increased risk of cardiovascular diseases in men (Simon et al., 1997; Hak et al., 2002; Laughlin et al., 2008 and Jiangtao et al., 2009) , including a worse metabolic profile (Kupelian et al., 2006 and Isidori et al., 2015) and inflammatory state (Maggio et al., 2006) . Furthermore, meta-analysis studies (Araujo et al., 2011; Corona et al., 2011 and Ruige et al., 2011) reported that hypogonadism is associated with overall mortality in men and trend toward a higher cardiovascular risk.
In addition, more recent meta-analysis of randomized controlled trials (Corona et al., 2014 (Corona et al., , 2016a showed that testosterone replacement therapy in hypogonadic men is able to ameliorate the cardiovascular profile by improving the body composition and the metabolic control. Similar results have been reported in patients with heart failure (Toma et al., 2012) . However, a possible alternative is that low testosterone is not causally related to cardiovascular mortality but represents just a biomarker of an overall poorer health status associated with morbidities or unhealthy lifestyle.
In animal models, it has been reported that gonadectomy of adult male rats reduces contractility of isolated cardiac myocytes (Golden et al., 2003) by decreasing mRNA levels of calcium homeostasis regulatory proteins (Golden et al., 2004) . Also, Witayavanitkul et al. (2013) found that castration of male rats results in a decrease in sarco-endoplasmic reticulum Ca+²-ATPase (SERCA) activity and this was reversed by testosterone supplementation. However, to date no studies have examined the effect of testosterone deficiency on S100 proteins expression in the heart, despite the involvement of these proteins, especially S100a1, in contractile performance and calcium homeostasis.
There is greater evidence for the involvement of oxidative stress in cardiac dysfunction. Excessive production of reactive oxygen species (ROS) and defective antioxidant system in many pathologic situations, such as heart failure, were documented (Belch et al., 1991; Ferrari et al., 1998) . However, the effect of testosterone in generation of ROS and antioxidant defense in the heart needs more studies to be clearly elucidated.
The aim of this study was to investigate the effects of castration and testosterone supplementation on nitroso-redox status, some cardiac metabolism markers, and S100 proteins expression in the heart of male rats.
MATERIALS AND METHODS

Animals
All experimental procedures were approved by the institutional animal care and use committee of the University of Sciences and Technology, HOUARI BOUMIENE (USTHB) and have been achieved according to the ethical approval number: 981-1 law of August 22, 1998 , of the National Administration of Algerian Higher Education and Scientific Research.
A total of 50 male Wistar rats at 8 weeks of age (weighing 172.682 AE 4.22 g) were obtained from USTHB breeding. Animals were housed in standard size cages with a 12-h light/12-h dark cycle and were offered food and water ad libitum.
Rats were divided into five experimental groups (n = 10 per group): group 1: control intact animals (CON); group 2: shamoperated animals (Sh-O); group 3: sesame oil-treated animals receiving one intramuscular injection of sesame oil every week for 8 weeks (S-oil); group 4: gonadoectomized animals (GDX) subjected to bilateral orchidectomy for 8 weeks; and group 5: gonadoectomized animals with testosterone replacement therapy receiving one intramuscular injection of testosterone enanthate (Androtardyl/Bayer pharma AG, Germany) dissolved in sesame oil every week (2 mg/250 g body weight, Langfort et al., 2010) for 8 weeks beginning the day after 8 weeks of gonadectomy (GDX-T).
Castration of animals
In brief, bilateral orchidectomy of GDX and GDX-T animals was performed under anesthesia with intraperitoneal injection of ethyl carbamate at 25% (4 ml/1 kg, Prolabo, Paris. France). Tests were removed trough abdominal incision after ligation of the testicular vessels. The incision was then sutured and swabbed with chirurgical alcohol.
Collection of samples
At the end of the experimental period (8 weeks for CON, Sh-O, S-oil, and GDX groups and sixteen weeks for GDX-T group), animals were sacrificed humanely, and blood was collected and separated by centrifuging at 3000 g for 15 min in a cold centrifuge. Samples were stored at À20°C until further analysis. Immediately after collecting blood, hearts were removed and transferred to ice to extract adipose tissues and blood vessels; hearts were weighed then cut into many pieces.
Preparation of heart homogenates
Hearts piece of 100 mg weight were homogenized in phosphate buffer solution pH = 7.4 (1:9 w/v). The homogenates were centrifuged at 10 000 g for 30 min in a cold centrifuge, and the supernatants were used to assess malondialdehyde (MDA), nitric oxide (NO), reduced glutathione (GSH), catalase, lactate dehydrogenase (LDH), and creatine kinase (CK).
Assays
Radioimmunoassay of testosterone
To confirm the efficiency of surgical castration and testosterone supplementation, plasma total testosterone level was assessed using BEKMAN KOULTER kits (Immunotech, Prague, Czech Republic) according to manufacturer's instructions.
Biochemical parameters
Determination of glucose, total cholesterol, triglycerides, LDLc, and HDL-c was performed using SPINREACT Kits (Spinreact, Sant Esteve de Bas, Spain) according to manufacturer's instructions. Atherogenic index of plasma (AIP) was calculated as: log (triglyceride/HDL-c) according to Kanthe et al. (2012) .
Measurement of total proteins
Total proteins in heart homogenates were measured using Bradford's method (Bradford, 1976) with bovine serum albumin as a standard.
Oxidative stress parameters
Lipid peroxidation measurement was performed by the reaction malondialdehyde (MDA)-thiobarbituric acid (TBA) according to Ohkawa et al. (1979) . 200 ll of TBA and 600 ll of phosphoric acid (1% in acetate) were added to 100 ll of heart homogenates, and the mixture was then incubated at 95°C for 45 min. After cooling, 900 ll of butanol was added, the supernatants were collected (after centrifuging at 5000 g for 10 min at 4°C), and the absorbance was measured at 532 nm. The results were expressed as lmol MDA/g tissue.
The levels of nitrites were determined as an indicator of nitric oxide (NO) production. The assay was performed using Griess method (Griess, 1879) , and 100 ll of heart homogenates was incubated for 30 min with 100 ll of Griess solution made up of N-naphthyl-ethylenediamine (0.1% in phosphoric acid at 20%) and sulfanilamide (1% in phosphoric acid at 20%) (V/V). The absorbance was measured at 540 nm in BIOCHROM ANTHOS 2020 micro-plates reader. NaNO 2 was used as standard, and the results were expressed as lmol/g tissue.
Total reduced glutathione (GSH) was assessed using 5.5 0 -dithiobis-2-nitrobenzoic acid (DTNB) according to Riener et al. (2002) . Briefly, into microplate, 150 ll of phosphate buffer-EDTA (pH = 7.4) was added to 50 ll of DTNB and 50 ll of heart homogenates. After incubation at 37°C for 20 min, the absorbance was read at 405 nm in BIOCHROM ANTHOS 2020 micro-plates reader. The amount of reduced glutathione was expressed as mM per g of tissue.
Catalase activity was determined according to Kertulis-Tartar et al. (2009) . Briefly, 100 ll of heart homogenates was diluted in 2.9 ml of phosphate buffer solution (0.05 M, pH = 7), and the reaction was initiated using 10 ll of H 2 O 2 (at 30%). The disappearance of H 2 O 2 (every 30 s during 2 min) was determined spectrophotometrically at 240 nm. The results were reported as mM/min/mg protein.
Markers of cardiac metabolism
Cardiac lactate dehydrogenase (LDH) and creatine kinase (CK) were assessed in heart homogenates using SPINREACT Kits (Spain) according to manufacturer's instructions. Results were expressed as lmol/min/mg proteins.
Pyruvate extraction was performed as described by Harris et al., 1974 (slightly modified) . In brief, dry hearts pieces were powdered in liquid nitrogen, and the obtained powder was deproteinized (for 10 min at 0°C with shaking) using perchloric acid at 0.5 M (1 ml perchloric acid/12.5 mg of powder). After centrifugation, the supernatants were neutralized by adding KHCO 3 (2.1 M, 1:4 V/V) and then centrifuged for 30 s in a cold centrifuge. Extracts were recovered to assess pyruvate level using commercial kits (Spectrum-diagnostics, Hannover, Germany). Results were expressed as mmol/g dry tissue.
For glycogen determination, samples of hearts were hydrolyzed in 2 ml of KOH (30%) at 100°C for 15 min. Glycogen was precipitated by centrifugation after adding ethanol at 95°and zinc sulfate. The obtained glycogen was hydrolyzed into glucose using sulfuric acid at 2.5 N. The amount of glycogen in heart tissues was proportional to the quantity of glucose determined according to folin wu method (Tonks, 1952) . Results were expressed as mg/100 g tissue.
Triglycerides and total cholesterol were extracted from heart tissues according to Folch et al. (1957) (slightly modified). Pieces of hearts were homogenized twice in a mixture of methanol and chloroform (2V/1V then 1V/1V). The extracts were resuspended in distillated water and centrifuged for 10 min (2000 g at 4°C). The organic phase was dried and resolubilized in 200 ll of propanol. Triglycerides and total cholesterol were measured using commercial kits SPINREACT Kits (Spain).
Histopathological and morphometric analysis
Hearts pieces were immediately fixed in formalin at 10% then embedded in paraffin wax. Sections of 3 lm thick were stained with Masson's trichrome (Martoja & Martoja, 1967) . Picro-sirius red staining (Junqueira et al., 1979) was performed to assess cardiac fibrosis using ImageJ software (Version 1.51n, National Institutes of Health, Bethesda, MD, USA) (Hadi et al., 2011) . Mean cross-sectional area (CSA) of cardiomyocytes was calculated using ImageJ software. For each animal group, 100 cells, at least, were measured at 400 magnification.
Quantification of MMP 2 and MMP 9 by gelatin zymography
Gelatin zymography was performed as described by Tyagi et al., 1993 . Briefly, heart homogenates (20 lg of protein) were diluted in non-reducing buffer and subjected to electrophoresis in 10% SDS-PAGE gel, containing 1 mg/ml of gelatin. After migration, the gel was washed in 2.5% Triton X-100 for 40 min to remove SDS and then incubated for 20 h at 37°C in Tris-HCl buffer (50 mM, pH 7.8), containing NaCl (200 mM) and CaCl 2 (5 mM). Gel was stained with Coomassie blue R250 dye and destained with a 50% methanol and 10% acetic acid solution. The gelatinolytic activity was identified as clear zones of substrate lysis against a blue background. Quantification of the intensity of bands was performed using ImageJ software. Results were reported in units of pixel intensity 9 mm 2 .
Immunohistochemical staining for S100 proteins detection Heart sections were dewaxed and rehydrated. For antigen retrieval, slides were incubated with target retrieval solution (Dako, Glostrup, Denmark) for 40 min at 97°C. After cooling, the slides were washed in distillated water and left to dry. Sections were then delimited by a Dako Pen (Dako, Glostrup, Denmark) and incubated with a 3% hydrogen peroxide solution for 5 min to quench the endogenous peroxidase activity. BSA at 3% was used to saturate the non-specific sites. The sections were incubated with the primary polyclonal Rabbit S100 protein antibody (Novocastra, Leica Biosystems, Milton Keynes, UK) for 60 min at room temperature. The antibodies were used at 1:200 dilution in PBS. After incubation, the slides were washed with PBS solution then incubated with secondary antibodies for 60 min. The revelation of antibody binding was performed using a diaminobenzidine chromogen liquid DAB (DAKO, Glostrup, Denmark), and the reaction was blocked by washing in PBS solution. The sections were counterstained with hematoxylin for 1 min, then mounted using a resinous medium. Heart sections incubated without the primary antibody served as a negative control. The intensity of the immunostaining was scored as null (À), weakly positive (+), moderately positive (++) or strongly positive (+++) by two independent observers.
Statistical analysis
All data were presented as mean AE SD. Comparison of differences between groups was performed by unpaired Student's ttest. A p < 0.05 was considered significant. All statistical analysis was performed using GraphPad Prism software (version 5.03).
RESULTS
Plasma level of testosterone in all groups of rats
After 8 weeks of gonadectomy, the plasma level of testosterone was not detected in GDX rats compared to CON, Sh-O, and S-oil animals in which the plasma levels of testosterone were in the physiological range. In GDX-T rats, the normal level of testosterone was restored after testosterone supplementation. No significant difference was noted between the plasma levels of testosterone in CON and GDX-T rats (p = 0.90) (Fig. 1 ).
76 Andrology, 2018, 6, 74-85 Effects of castration and testosterone supplementation on body weight, hearts weight and biochemical parameters. The body weight of GDX rats did not differ significantly compared to CON (p = 0.12), Sh-O (p = 0.6), and S-oil (p = 0.4) rats. After testosterone replacement, GDX-T rats showed a significant increase in body weight compared to Sh-O, S-oil, and GDX rats (p ˂ 0.001, p ˂ 0.001 and p ˂ 0.001, respectively). Heart weight was significantly lower in GDX rats compared to CON (p = 0.030). Testosterone supplementation results in a significant increase in heart weight in GDX-T group compared to GDX rats (p = 0.023) ( Table 1) .
No significant difference was detected between glucose concentrations in GDX rats compared to CON (p = 0.62), Sh-O (p = 0.067), and S-oil (p = 0.29). Also, after testosterone replacement, no significant change in glucose level compared to GDX rats was noted (p = 0.18) ( Table 1) .
Compared to controls groups, gonadectomized rats showed an increase in total cholesterol level with a significant difference only versus Sh-O animals (p ˂ 0.001). Exogenous testosterone in GDX-T group resulted in a non-significant decrease in total cholesterol concentrations (p = 0.082).
After 8 weeks of gonadectomy, concentrations of triglycerides in GDX rats were insignificantly lower compared to CON, Sh-O and S-oil groups (p = 0.30, p = 0.54 and p = 0.12). When testosterone replacement resulted in a non-significant increase (p = 0.099) of triglycerides levels.
Plasma levels of LDL-c were significantly lower in GDX rats compared to S-oil groups (p = 0.029). Testosterone supplementation results in a non-significant increase in LDL-c compared to castrated animals (p = 0.056). HDL-c concentrations in GDX rats did not differ significantly compared to CON and Sh-O groups (p = 0.11, p = 0.09, respectively), but it was significantly low compared to S-oil animal (p = 0.008). However, HDL-c levels in GDX-T animals increased significantly compared to CON, Sh-O, and GDX groups (p < 0.001, p < 0.001, and p < 0.001, respectively).
Atherogenic index of plasma in GDX rats was significantly low compared to CON and Sh-O animals (p = 0.005, p = 0.043, respectively). In GDX-T group AIP decreased significantly compared to CON (p < 0.001), Sh-O (p < 0.001), and GDX rats (p = 0.022).
Histological morphology of cardiac tissues
The histological analysis of the left ventricle showed a normal morphology in CON group ( Fig. 2A) , with a neat parallel arrangement of muscle fibers which are separated by connective tissues (Ct) and blood vessels (Bv). The myocardial cells presented a uniform nucleus (Nu) with one or two round and clear nucleoli. No significantly abnormal change in the cellular structure was observed in Sh-O and S-oil groups (Fig. 2B , C, respectively). Compared to CON rats, the mean CSA of Sh-O and S-oil did not differ significantly (p = 0.99, p = 0.92, respectively).
In contrast, orchidectomy induced in GDX group structural disorganization characterized by a myofibrillar weaving (wavy cardiomyocytes, Wc) (Fig. 2D) , the presence of apoptotic bodies (Ab), and nuclei with condensed chromatin (Ncc) (Fig. 2E) , and this was associated with an accumulation of inflammatory cells (arrowheads) (Fig. 2F) . The mean CSA of GDX group was insignificantly low compared to CON, Sh-O, and S-oil animals (p = 0.63, p = 0.79 and p = 0.97, respectively). After testosterone replacement therapy, GDX-T animals showed an attenuation of structural damages with less weaving fibers in comparison with GDX group (Fig. 2G, H) . The mean CSA of GDX-T group did not change significantly compared to CON and GDX animals (p = 0.97, p = 0.93, respectively).
Effects of castration and testosterone supplementation on heart fibrosis markers
Picro-sirius red staining of heart sections revealed normal distribution of collagen fibers around vessels in CON, Sh-O, S-oil, and GDX-T groups. However, castration resulted in a net amplification of perivascular fibrosis in GDX rats (Fig. 3A-E) . Assessment of collagen fibers density showed a significant increase in fibrotic area in GDX rats' hearts compared to CON (p ˂ 0.001), Figure 1 Total plasma levels of testosterone in control (CON), sham-operated (Sh-O), sesame oil (S-oil), gonadectomized (GDX), and gonadectomized testosterone-treated (GDX-T) rats. Data are expressed as mean AE SD. ND, not detected. p < 0.05 was considered significant using Student's t-test. Figure 2 Masson's trichrome-stained sections of the heart in CON (A), Sh-O (B), S-oil (C), GDX (D, E, and F), and GDX-T groups (G and H). A normal morphology of muscle fibers was observed in the heart of control (A), Sham-operated (B) and sesame oil rats (C). In castrated rats (D, E, and F), structural heart damages were characterized by the presence of wavy cardiomyocyte (Wc), apoptotic bodies (Ab), nuclei with condensed chromatin (Ncc), and inflammatory cells (arrowheads). In gonadectomized testosterone-treated rats (G and H), an attenuation of cardiac structural disorganization was noted. A, B, C, E, F, and H 9 1000 magnification, D and G 9 400 magnification. (I) Mean cross-sectional area of cardiomyocyte in all studied group. Data are expressed as means AE SD (n = 3 rats/group). [Colour figure can be viewed at wileyonlinelibrary.com].
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Sh-O (p ˂ 0.001), and S-oil (p = 0.003). Testosterone treatment result in a significant decrease in fibrosis in GDX-T groups compared to GDX rats (p = 0.013) (Fig. 3F) . Enzymatic activity quantification of MMP2 and MMP9 showed that MMP9 was present in the heart of all studied groups, when MMP2 was detected only in the heart of S-oil and GDX rats. Moreover, a marked increase in MMP9 gelatinolytic activity was observed in the heart of GDX rats compared to the other groups of rats. MMP2 activity was more important in the heart of GDX rats compared to those of Soil group (Fig. 3G-H) .
Effects of castration and testosterone supplementation on oxidative status
The lipid peroxidation, estimated by the level of MDA in hearts tissues, was significantly higher in GDX and GDX-T rats compared to CON (p = 0.018 and p = 0.011, respectively) and S-oil (p = 0.017 Figure 3 Picro-sirius red-stained sections of the heart. Collagen fibers are stained red, and a normal distribution of collagen fibers in perivascular areas was observed in the heart of control (A), sham-operated (B), sesame oil (C), and gonadectomized testosterone-treated rats (E). A neat accumulation of collagen fibers around blood vessels was revealed in the heart of gonadectomized rats (D), magnification 9 400. (F) The mean fibrosis percentage area in the heart of all studied groups. (G) Zymogram of heart homogenates showing the gelatinolytic activity of MMP 9 and MMP2 in all groups of rats. (H) Quantification of zymogram bands intensity of heart homogenates using ImageJ software. Data are expressed as means AE SD (n = 3 rats/group). and p = 0.009, respectively) groups. Testosterone supplementation in GDX-T animals did not result in a significant change in MDA concentrations compared to GDX rats (p = 0.83).
* ‡ϕ
Compared to Sh-O rats, hearts of gonadectomized group showed a significant increase in NO concentrations (p = 0.043). After testosterone replacement therapy, the mean value of NO decreased insignificantly compared to GDX rats (p = 0.10).
After 8 weeks of castration, catalase activity did not change significantly in GDX group compared to CON rats (p = 0.10). No significant change was detected between catalase activities in the other groups.
As shown in Fig. 4 , the level of GSH was significantly lower in GDX rats compared to CON and S-oil group (p = 0.001 and p = 0.027, respectively). After testosterone supplementation, the GSH level did not change significantly compared to GDX rats (p = 0.46).
Effects of castration and testosterone supplementation on cardiac metabolism markers
As shown in Fig. 5A , LDH activity was significantly higher in the heart of GDX rats compared to CON animals (p = 0.009). Testosterone replacement therapy reversed this effect by a significant decrease in LDH activity in comparison with castrated animals (p = 0.034). No significant change was detected in CK activity in all experimental groups compared to CON (Fig. 5B) . Heart levels of pyruvate were insignificantly elevated in GDX rats compared to CON, Sh-O and S-oil groups (p = 0.42, p = 0.12 and p = 0.22, respectively). Testosterone supplementation decreased pyruvate levels without significant difference compared to castrated rats (p = 0.53) (Fig. 5C ). The amount of glycogen in the heart of GDX rats was higher in comparison with those of CON, Sh-O, and S-oil groups (p = 0.17, p = 0.34 and p = 0.23, respectively). After testosterone replacement, cardiac glycogen decreased insignificantly compared to GDX rats (p = 0.18) (Fig. 5D) . Level of triglycerides was significantly higher in the heart of GDX rats compared to S-oil (p = 0.037). Testosterone treatment resulted in a significant decrease in triglycerides compared to GDX rats (p = 0.042) (Fig. 5E ). Heart total cholesterol was significantly higher in GDX animals compared to S-oil groups (p = 0.038). Testosterone replacement therapy resulted in a significant decrease in total cholesterol compared to GDX and CON rats (p ˂ 0.001, p ˂ 0.001, respectively) (Fig. 5F ).
Effects of castration and testosterone supplementation on S100 proteins immunoreactivity As shown in Fig. 6 , S100 proteins were strongly immunoreactives in both nuclei and cytoplasm of CON, Sh-O, and S-oil cardiomyocytes. In GDX rats, no change in S100 immunoreactivity in nuclei was observed when a weak immunostaining was revealed in cytoplasm compared to CON, Sh-O, and S-oil groups. After testosterone treatment, an increase in the cytoplasmic immunoreactivity of S100 proteins was noted (Table 2 ).
DISCUSSION
The level of circulating glucose and lipids plays a critical role in cardiovascular diseases. In the present study, neither castration nor testosterone supplementation results in a significant change in plasma glucose. However, the involvement of testosterone in glucidic homeostasis has been reported by Morimoto et al. (2005) , and the authors showed that testosterone replacement therapy exerts a protective effect against b-cell apoptosis induced by streptozotocin in castrated rat model. Host et al. (2014) have demonstrated that testosterone, indirectly, affects glucidic metabolism via its action on adiponectin system. In the very early testosterone-deprived state, glucose metabolism is * ϕ * ϕ , and gonadectomized testosterone-treated (GDX-T) rats. Data are expressed as means AE SD (n = 6-8 rats/group). *Significant vs. CON, / significant vs. S-oil group. p < 0.05 was considered significant using Student's t-test.
80 Andrology, 2018, 6, 74-85 preserved by elevated levels of adiponectin, which act as an insulin-sensitizing hormone. After 8 weeks of castration, castrated rats showed higher level of total cholesterol with lower triglyceride and LDL-c. Testosterone supplementation results in a decrease of 21.27% in total cholesterol and an increase of 33.20%, 51% in triglyceride and LDL-c concentrations, respectively. In agreement to our data, Dobs et al. (2001) reported that testosterone replacement therapy in hypogonadal men resulted in a decrease in total cholesterol and LDL-c with an increase in triglyceride level.
Furthermore, in the present study, both of gonadectomy and testosterone replacement induced an increase in HDL-c levels. However, the rise is significant and more important in GDX-T group (111.54%). This finding disagrees with those of Whistel et al. (2001) and Berg et al. (2002) who observed that testosterone supplementation in hypogonadal men led to a decrease in HDL-c levels. Indeed, we could suggest that the rise of HDL-c following substitution is due to the fact that the testosterone used in this study is diluted in sesame oil which is known for its beneficial effects on lipid profile. Devarajan et al. (2016) reported that HDL-c levels increased significantly in hypertensive patients treated with sesame oil.
In addition, it is well known that HDL-c levels in premenopausal women are higher than men in the same age.
According to Von Eckardstein et al. (2001) , testosterone is involved in the catabolism of HDL-c by upregulating the hepatic lipase and scavenger receptor B1 (SR-B1) genes. SR-B1 mediates the selective uptake of HDL lipids into hepatocytes, Sertoli and Leydig cells. This may explain the increase in HDL-c levels following gonadectomy in our study.
Much evidence has documented that testosterone replacement therapy can improve the metabolic profile and body composition in animal models of metabolic syndromeinduced hypogonadism (Filippi et al., 2009) . The possible differences in the animal model used can explain, at least partially, the limited improvement of metabolic profile observed in the present study.
AIP showed that castration significantly reduced the risk of atherosclerosis and coronary heart disease compared to CON and Sh-O rats which are more exposed. After substitution, a significant decrease in AIP is observed compared to GDX group. The current study confirms the contradictory effects of testosterone on circulating lipid. On one hand, castration improved the lipid profile by decreasing triglyceride and LDL-c and elevating HDL-c. On the other hand, castration worsens the lipid profile by increasing total cholesterol levels.
Assessment of some cardiac metabolism markers revealed an enhancement of LDH activity with higher levels of pyruvate and 
(E) (F) Figure 5 (A) Lactate dehydrogenase (LDH), (B) creatine kinase (CK), (C) pyruvate, (D) glycogen, (E) triglycerides, and (F) total cholesterol in the heart of control (CON), sham-operated (Sh-O), sesame oil (S-oil), gonadectomized (GDX), and gonadectomized testosterone-treated (GDX-T) rats. Data are expressed as means AE SD (n = 5-7 rats/group). *Significant vs. CON, / significant vs. S-oil group, # significant vs. GDX group. p < 0.05 was considered significant using Student's t-test.
glycogen in the heart of castrated animals. Testosterone treatment restored the heart's levels of LDH, pyruvate, and glycogen. These findings are in agreement with the results of Langfort et al. (2010) where castration induced elevation of glycogen and pyruvate in the left ventricle of male rats. So these results suggest that testosterone is involved in the regulation of carbohydrate metabolism. However, the molecular pathways are still unclear.
Furthermore, our results showed that castration induced an accumulation of triglycerides in the heart and testosterone replacement significantly reduced the amount of cardiac triglycerides. Our results join those of Langfort et al. (2010) , which showed that castration elevated triglyceride levels in the left ventricle of male rats.
Under physiological conditions, cardiac triglyceride storage in lipid droplets is finely regulated by adipose triglyceride lipase/ desnutrin (ATGL) and hormone-sensitive lipase (HSL) (Goldberg et al., 2012) . According to Langfort et al. (2010) , testosterone reduces storage of triglycerides in the heart by stimulating lipolytic activity of HSL.
In our study, a significant increase in heart cholesterol level was observed after 8 weeks of castration. This can be attributed to an increased uptake of circulating LDL-c, which can explain lower level of plasma LDL-c in castrated rats. Constantinou et al. (2014) reported that LDL receptor is a functional modulator of metabolic alterations, associated with testosterone deficiency, induced by castration in mice. Moreover, excess cholesterol in the heart of castrated rats may be the result of altered cholesterol removal from cardiomyocyte via scavenger receptor (SR-BI) and ATP-binding cassette transporters (ABCA).
Cholesterol accumulation in the heart may have deleterious effects on cardiomyocytes. Recently, Hissa et al. (2017) have demonstrated that cholesterol depletion in neonatal rat cardiomyocytes impairs contraction and induces myofibril disruption. Likewise, Haque et al. (2016) found that reductions in membrane cholesterol levels modulate basal cardiomyocyte mitogen-activated protein kinase (MAPK) signaling, increase Ca 2+ concentration, and contractility. Therefore, we can suggest that cholesterol excess in the heart of castrated rats may affect calcium homeostasis and contractile performance. Abi-Char et al. (2007) showed that membrane cholesterol modulates Kv1.5 potassium channel distribution and function in rat cardiomyocytes.
In the current study, the decrease in cardiac size, apoptotic nuclei, the weaving of cardiomyocytes, decreased S100 proteins immunostaining, and nitroso-redox imbalance (NO/redox) in Figure 6 Immunohistochemical staining of S100 proteins in the heart of control (A, A'), sham-operated (B, B'), sesame oil (C, C') gonadectomized (D, D'), and gonadectomized testosterone-treated rats (E, E'). Immunoreactivity of S100 proteins was revealed in both nuclei (arrowheads) and cytoplasm of CON, Sh-O and S-oil cardiomyocytes. In GDX rats, no change in S100 immunoreactivity in nuclei was observed when a weak immunostaining was revealed in cytoplasm. After testosterone treatment, an increase in the cytoplasmic immunoreactivity of S100 proteins was noted. A, B, C, D, and E 9 400 magnification. A', B', C', D', and E' 9 1000 magnification. (n = 3 rats/group). [Colour figure can be viewed at wileyonlinelibrary.com]. gonadectomized rat heart's indicated an alteration of contractile functions. These results are consistent with those of Curl et al. (2009) . The authors reported that maximum shortening of cardiomyocytes was markedly reduced and relaxation significantly delayed in castrated males rats compared with intact group. After testosterone supplementation, the hypocontractility was completely reversed. Also, Eleawa et al. (2013) showed that castration reduced contractile function by decreasing the left ventricular developed pressure and the peaks of positive and negative pressure derivatives. In our study, the decrease in S100 proteins immunostaining can reflect a reduced immunoreactivity of S100A1 protein, which is the predominant cardiac S100 protein among other S100 cardiac isoforms (S100A4, S100A6, and S100B). S100A1 is very abundant in cardiomyocyte cytoplasm, it is found in the junctional and longitudinal sarcoplasmic reticulum (with ryanodine receptor (RyR2) and Ca² + -ATPase 2a (SERCA2a)-phospholamban (PLB) complex), at the sarcomere myofilaments (titin) and within mitochondria (F1-ATPase) (Rohde et al., 2015) . S100A1 is a key regulator of calcium homeostasis during contraction-relaxation cycling and its ability to sense Ca 2+ seems to be dependent on NO post-translational modification under physiological conditions (Rohde et al., 2015) . In this study, reduced immunoreactivity of S100 proteins can be attributed to structural damages induced by excessive ROS especially NO. According to Zhukova et al. (2004) , S-nitrosylation causes structural changes in S100A1 and S100B proteins by modifications of the C-terminal cysteine residue. Also, Yamaguchi et al. (2016) reported that oxidative stress reduces the stimulatory effect of S100 proteins on protein phosphatase 5 (PP5) activity. PP5 is involved in apoptosis inhibition through negative regulation of ASK1 (apoptosis signal-regulating kinase1). Recently, Islam et al. (2017) showed that ROS induce generation of neo-epitopes in immunoglobin G (IgG), which alter the immunogenicity of IgG in type 2 diabetes. Furthermore, the decreased S100 proteins expression in the heart of castrated rats revealed in this study provides new evidence that can support the use of these proteins as a novel therapeutic target in the treatment of cardiac dysfunction, especially, in hypogonadic men with heart failure. The latest advances in S100 proteins related to heart failure examined by Imbalzano et al. (2016) reported that S100 proteins could be exploited as markers in stadiation and prognosis of chronic heart failure. Also, these proteins, especially S100a1, have emerged as an attractive therapeutic target in failing heart. Several studies (Barp et al., 2002; Klapcinska et al., 2008 and Eleawa et al., 2013) reported that castration induced an increase in heart oxidative stress with increased oxidants and decreased antioxidants. However, to the best of our knowledge, this study is the first which demonstrate the involvement of elevated NO in the nitroso-redox imbalance state observed in the heart of castrated male rats. Excess level of NO could derive from the inflammatory cells infiltration revealed in the heart of castrated rats.
In addition, the elevated NO level could lead to contractile dysfunction, and according to Vila-Petroff et al. (1999) , low level of NO has a positive inotropic effect induced by AMPc while higher level has a negative inotropic effect through GMPc activation in cardiomyocytes. The nitroso-redox imbalance is one of the principal factors causing cellular damages in the heart. It is involved in disruption of the excitation-contraction coupling via ryanodine receptor 2 (RYR2) oxidation and sarcoplasmic reticulum Ca+² leak (Gonzalez et al., 2010) .
The present study demonstrates the involvement of MMP 2 and MMP 9 in heart damages induced by testosterone deficiency. MMPs are determinant player in the extracellular matrix (ECM) homeostasis in the heart. According to Yabluchanskiy et al. (2013) , MMP-9 dramatically increases during several cardiovascular diseases such as myocardial infarction. MMP9 activity induces ECM reorganization and leads to left ventricle remodeling. Moreover, the state of nitroso-redox imbalance observed in our study may contribute to activation of MMPs. Kandasamy et al. (2010) reported that peroxynitrite (ONOO À ) directly activates MMP1, 8, 9, and 2 via a non-proteolytic mechanism involving the S-glutathiolation of the propeptide cysteine sulfydryl group. Furthermore, activated MMP2 in cardiac myocyte is involved in contractile dysfunction through degradation of cytoskeleton proteins such as alpha-actinin.
In our study, the results of testosterone supplementation on heart damages induced by castration of male rats were overall good. However, testosterone replacement therapy in men with heart failure is much more delicate and requires more caution. Wang et al. (2016) reported that testosterone treatment of men with chronic heart failure improved the exercise capacity, muscle strength, and electrocardiogram indicators but no significant changes in ejection fraction, systolic and diastolic blood pressure, N-terminal pro-brain natriuretic peptide (NT-proBNP), and inflammatory markers. Similarly, clinical studies undertaken by Malkin et al., 2003 Malkin et al., , 2004 Malkin et al., , 2006 revealed that testosterone replacement therapy in men with heart failure is safe and beneficial. Nevertheless, according to Wang et al. (2016) the only hesitation to prescribe testosterone replacement in men is the longterm risk of prostate cancer. Moreover, Corona et al. (2015) reported that elevation of hematocrit due to the stimulatory effect of testosterone on erythropoiesis is the most common adverse event related to testosterone replacement therapy in men. Therefore, the hematocrit of men undergoing testosterone substitution must be checked regularly to avoid serious side effects.
In conclusion, this study demonstrates that testosterone deficiency mediates heart's alteration trough: dysregulation of oxidative status, metabolic imbalance, upregulation of matrix metalloproteinases 2 and 9, and down-regulation of S100 proteins expression. These disorders are mainly re-established by testosterone supplementation. Our study confirms the beneficial effects of testosterone replacement therapy on heart function in castrated male rats. However, further clinical studies are required to better manage the use of testosterone replacement therapy to reduce cardiovascular risks in hypogonadic men. BEKKOUCHE contributed to the conception and the design of the work and the analysis of all data, Amina CHEBOUB contributed to the achievement of zymography. Ayed BELARBI provided immunohistochemistry reagents. Ayed BELARBI and Meryem BENAHMED contributed to the analysis of immunohistochemistry data.
